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INTRODUCTION 
Solutions of the proteins represent in one sense simple  systems, 
rather than complex ones.  The properties of proteins in solutions 
which depend more or less  upon changes in electric  charge can be 
investigated directly through the study of the electric mobility of the 
protein ions  1 and indirectly by means of titration  curves with acids, 
optical  rotation,  viscosity,  etc.  If one makes  certain  assumptions, 
clarifying and  satisfactory relationships  can be obtained,  linking  the 
electric  mobility,  the  charge,  the  titration  curves,  and  the  optical 
rotation  of proteins.'  The  theory and  data  to  be presented  permit 
the statement of the problem more explicitly than heretofore in terms 
of mobilities, and therefore simplify the approach to many of its real 
complexities. 
Working with gelatin and crude egg albumin it was previously shown 
that  (1) : 
* Certain of the experiments utilized in this communication have been performed 
in the Department  of Medicine, Johns Hopkins Medical School, and the Depart- 
ment of Physical Chemistry, Laboratories of Physiology, Harvard Medical School. 
The data have, in part, been presented at a meeting of the American Physical 
Society, April, 1931. 
i Porrett  (1816) was the first to show that  adsorbed protein  was electrically 
charged. 
2 Optical rotation  is discussed in this connection in the next paper  (following) 
of this series. 
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"The electric mobility of freely dispersed egg albumin and of microscopic quartz 
particles covered with  the same  protein have been shown  to be fairly similar 
between pH 3.2 and 5.5.  Zeta-potential measurements by the method of stream- 
ing potentials have confirmed  this relationship.  The mobilities  of quartz and 
other kinds of particles covered with egg albumin and with gelatin have since then 
been studied in the pH range noted in conjunction with the titration curves for 
these proteins.  Under certain conditions,  the change in mobility of the protein 
covered particles has been found to follow the titration curves of these proteins 
very closely.  All of these observations indicate that the process of adsorption of 
the proteins mentioned does not appreciably change the ionization of the adsorbed 
protein at the protein-water interface." 
More recently Tiselius (2) has reported experiments on the electro- 
phoresis of dissolved proteins.  Tiselius'  experiments on  the  electric 
mobility of dissolved purified protein by the moving boundary method 
have  now  been  repeated  in  part  on  microscopically  visible  quartz 
particles  covered with  a  film  of  adsorbed  protein.  The  agreement 
between  the  results by the  two methods is so  satisfactory that  it is 
possible to extend the quantitative data for electric mobilities of cer- 
tain proteins over the range of the acetate buffers, making available, 
therefore, values of changes in charge over a  range of pH sufficiently 
wide for a preliminary examination of properties presumably dependent 
upon electric charge.  These data on the mobility of adsorbed protein 
are now presented and discussed in the light of the pertinent theory 
and  of  data  on  titration  curves,  charge,  and  optical  rotation  (3). 
Methods 
Electric mobility was determined in modified Northrop-Kunitz micro-electro- 
phoresis  cells (4).  Two cells were employed in the manner described  previously 
(5).  Proteins were crystallized and recrystallized as described by Tiselius  (2) so 
that  no  essential  difference  in  method of preparation  could be present.  The 
dialysis of the proteins was accomplished by the method of Abramson and Gross- 
man  (6).  Electrodialysis was  not used.  Hydrogen ion activity was measured 
by means of the quinhydrone electrode and checked with the hydrogen electrode. 
No corrections were necessary because of the low salt and protein concentrations. 
Values of pH are referred to the pH of N/10 HC1 equal to 1.07.  Michaelis solu- 
tions of acetate buffers were used daily to check all measurements of  pH.  In 
general  the same  concentrations of protein were used in the experiments with 
quartz particles as in the observations by Tiselius  (2);  occasionally  these were 
slightly higher.  The differences in the results due to different protein concentra- 
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for days with distilled water after cleaning by concentrated HC1 and by cleaning 
solution.  Approximately the same number (per unit volume) of quartz particles 
of the same average size was used throughout.  The quartz particles were added 
to a concentrated protein solution; they remained in contact with the solution for 
several minutes and were then diluted to the protein and salt concentration re- 
quired.  The acid of the buffer was always added last.  A temperature coefficient 
of 0.02 per degree Centigrade has been assumed  to bring all values of the electric 
mobility, to the same temperature, 20°C., from room temperatures which reached 
27°C. 
Theoretical 
Potential; Charge; Mobility2  The force acting on a  sphere having 
a charge, Q, in a homogeneous electric field, is the product of the charge 
into the field strength, X.  It has been proposed that this relationship 
be applied  to particles moving in  aqueous  solutions with a  velocity, 
v, to calculate the charge, 
61c 71r v  (1) 
Q--  X  ' 
~/  --  coefficient of viscosity; r  =  radius.  This concept,  applied  to 
aqueous media,  is  strictly valid only at  infinite dilution or when no 
other ions are present.  In ordinary electrophoresis experiments con- 
ducted in salt solutions equation (1) does not apply and its use is mis- 
leading. 
According to equation  (1), 
v=Q. 
This is true for the case of Millikan's oil droplets, but it is not true in 
general for particles in solutions of electrolytes.  In aqueous solutions 
of electrolytes the potential,  ~', is not  given exactly by the equation, 
0 
~ =  o--~' 
8 In this discussion the general validity and usefulness of the idea of the Helm- 
holtz double-layer is assumed as well as its subsequent developments. 
No references are given for the derivations of equations belonging to classical 
physics.  The complete derivations of other equations must be sought in original 
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D  =  dielectric constant of the medium; r  =  radius of the particle, 
except for very dilute solutions. 
In a  medium containing ions the relationship between v,  ~', and (2 
is more conveniently described through the theory of Helmholtz and 
Smoluchowski  (7),  which states  that 
=  C  ~DX  --,  (2) 
~r~ 
C  =  a  constant, and ~" represents the difference in potential between 
the surface of the charged particle and an equal and oppositely charged 
layer that can be said to be situated at a certain distance outward in 
the medium.  The velocity of  a  given  particle  under changing cir- 
cumstances is  then  proportional  to  the  potential  difference of  the 
double layer if (-~)  remains constant.  The concept of the double 
x  "l  / 
layer has been clarified by the theory of Gouy (8), Debye and Htickel 
(9),  and  others  (10).  See  in  particular  the  paper  of Miiller  (10). 
In accordance with the theory of Debye and Htickel,  the  potential 
difference, ~, is (with certain assumptions), related to the charge, Q, 
1  Q- 
K 
~" =  ,  approximately;  (3) 
where 
(4) 
(e  =  4.77  X  10 -1° E.S.V.) ; k  =  1.37 X  10 -18 ergs per degree per mole- 
cule; T  =  absolute temperature; n  =  number of ions of the type i 
having  the  valence  z).  1/K  has  the  dimensions  of  distance.  If 
is the distance between two concentric spherical  shells, the  general 
equation for the potential difference between the shells of a condenser 
consisting of two concentric spheres is, 
Qx 
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Compare  equation  (5)  with  (3).  Two  assumptions,  (discussed  in 
the next paragraphs) have been employed in the derivation of equa- 
tion  (3)  and must be borne in mind if this equation is to be used for 
the calculation of the charge of protein ions.  One assumption has to 
do with the order of magnitude of the values of ~', the other with the 
product (Kr). 
Equation  (3)  is valid for very small particles only when 
te  k--~< <  i, 
for uni-univalent electrolytes.  The  error otherwise involved is that 
due to  the substitution of  sinh  by  in the solution of the 
equation 
V.Vf  =  4~re  mz~sinhk-~ 
1 
~or ~.ote,o ~on. w~c~ ~ve ~ mo~',ty o, ~out,  ×,o-,o.,  (~) 
(  ~  ~)  =  0.55 and sinh 0.55  =  0.578,  the difference  sinh kT  =  0.03 
approximately.  This  assumption can be met more easily by calcu- 
lating Q  still  nearer the isoelectric point  of the protein,  say,  where 
(~)  (  "  ~)  =  0.2  and  sinh kT  =  0.0013.  In  the  case of egg 
albumin and other proteins this use of the method is possible. 
An approximation to the way in which the thickness of the double 
layer depends upon (rr) can be obtained from the theory of the rigid 
47r~  double layer.  Replacing X in  ~"  =  -~  X for the rigid doub]e layer, 
by its equivalent in the Debye theory, 
4,r ¢ (!  .r  ) 
D  ~r+l  ' 
there results  (11), 
x  =  (6) 
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1 
Evidently if dr  >  > 1, },  =  -.  The calculation of Q by means of equa- 
K 
tion  (3)  therefore, granting that  ~ is sufficiently small, is also inter- 
fered with by the fact that the thickness of the double layer depends 
upon (Kr). 
Protein molecules to be considered here cannot be readily regarded 
as point charges,  nor are  they  very  large  molecules in the sense of 
equation (6).  The following device can, however, be employed if the 
change in  charge  with pH,  for  example,  is  to  be  calculated.  This 
device consists in maintaining (dr) constant.  By combining equations 
(2)  and  (3)  and  substituting numerical values for certain  constants 
there is obtained, 
O  =  c ~ ~ ~, [(, v'~ ×  0.33 ×  i~) +  I],  (7) 
$ 
for unit  field  strength;  # -- ½ ~.n~z~  9,  the ionic  strength.  C is  a number 
1 
which  depends  upon  the  size  and  shape  of  the  particle  (for  small 
particles)  in  a  particular  electrolyte  solution.  It  seems likely  that 
the value 6 is a  very close approximation at present for a  sphere the 
size of a  protein molecule in the salt solutions to be considered (12). 
Comparing (Ta)  with (la), 
0  =  6  ~r  [(,  v/~  x  0.33  x  to)  +  1],  (7~) 
O  --  6  ~r~ ~,.  (la) 
It is evident that the  charge  calculated  by  means  of  equation  (la) 
can be much too small, for  (r%/~)  is always positive.  Evidently n, 
r, and #  can be kept constant and a  simple relationship obtained for 
Q and v from equation (Ta).  This is discussed in the next section. 
Mobility; Charge; Titration Curve.--If a protein in solution combines 
with an acid or a base, using the zwitter ion concept and schematizing 
the reaction  for HC1 and NaOH,  the  equilibria, 
Nl-la  +  NH3  +  NH,  CI 
/  /  / 
R  + m  + cI-~  R  +  cl- ~_ R 
\  \  \ 
COO-  COOH  COOH HAROLD  A.  ABRAMSON  581 
and 
NH3  +  NH~  NH2 
/  /  / 
R  -}- Na +  +  OH-  ~  R  -}- H0H  -}- Na  + ~  R 
\  \  \ 
COO-  COO-  COONa 
describe  the  important  reactions  involved.  Assuming that  no  as- 
sociation of the protein salts occurs, and that no other ions combine 
with the protein molecule, the charge will be exactly equal to the num- 
ber of hydrogen (or hydroxyl) ions bound.  If there is uniform distri- 
bution of the charges over the surface of a  spherical molecule the 
potential at the surface in the absence of secondary phenomena will 
be proportional  to the  number of hydrogen ions  bound.  Proteins, 
however, are always studied at some particular activity of the hydro- 
gen ion and frequently in the presence of salts,  that is with ~  >0. 
It is necessary, therefore, to consider equation 
e  =  6 ~ ~ ~, [(,  v~;,  ×  0.33  x  1~)  +  1] 
in some detail.  It is possible to vary the activity of the hydrogen 
ion  and  keep  the  ionic strength  sufficiently constant;  under  these 
conditions, 
Q = 6 ~r '1 ~ r [(Cr X 0.33  X 109 +  1],(C = ~,/~)  (8) 
Equation  (8)  now states  the conditions for which any given mole- 
cule of radius r  moving with a velocity v in a field of unit potential 
gradient, has the charge, Q, proportional to the electrophoretic veloc- 
ity.  Collecting constants, therefore, from (8), 
Q  -- v (C'-k C  =)  (8a) 
c'  =  (6 ~-,, ,2 ~  x  0.33  x  ,o,) 
C"  =  (6~n,) 
Making certain assumptions which immediately follow, equations (8) 
and  (8a)  predict the following rule: 
In  solutions  of  the  same  ionic  strength,  the dectric  mobility  o/the 
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portional  to  the  number  of hydrogen  (hydroxyl)  ions  bound by  each 
molecule.  This  statement  includes  the  following  assumptions: 
1.  The viscosity change with change in hydrogen ion activity is negligible. 
2.  The effective radius, r, of the protein ions does not change with change in 
hydrogen ion activity. 
3.  Either the protein salt is completely dissociated, or what is tantamount here 
to the same thing, the percentage of dissociation over the range of hydrogen ion 
activity under consideration is constant for a given protein. 
4.  The reaction of the protein with ions other than the hydrogen (hydroxyl) ion 
is negligible. 
5.  In comparing change in mobility with  pH for the same protein,  the  salt 
present influences the protein in the same way at all investigated values of pH. 
(In comparing two proteins, a given salt affects similarly the charge of the differ- 
ent proteins in the range of pH investigated.) 
6.  Only uni-univalent strong electrolytes are considered. 
7.  The values of dielectric constant and viscosity of the medium can be used 
in place of the unknown values in the double layer. 
Assumption /.--In the  case of serum albumin  and  egg albumin,  the protein 
solutions are sufficiently dilute to make any change in ,7 negligible  within the limits 
of experimental error.  Gelatin must be described as having its apparent viscosity, 
n', composed of two components (13), 
7' = f(F)  + 
where F  is the shearing stress and n the coefficient  of viscosity.  Even though in 
dilute gelatin solutions 7' may be significantly large when compared with 7, this 
increase in 7' does not come into importance in electrophoresis measurements in 
dilute solutions or with soft gels. 
Assumption 2.--Svedberg and Nichols (14) and Svedberg and SjiSgren (15) have 
shown that there is no significant change in r  (or the equivalent radius)  of egg 
albumin and serum albumin over the range of hydrogen ion activity in the acetate 
buffers to be considered.  Gelatin represents a special case.  It will be considered 
in the experimental  section. 
Assumption 3.--We are particularly indebted to Hitchcock (16) for demonstrat- 
ing that  certain protein salts are almost completely dissociated from pH 3.6 to 
pH 4.7.  Assumption  (3)  has therefore a  certain amount of experimental  justi- 
fication.  This notion cannot be extended to pH's lower than pH 3.5 (3). 
Assumption 4.--To distinguish between the pH of the isoelectric point and the 
pH of pure solution of an ampholyte is not entirely without objection, if this dis- 
tinction involves an implication that the pH of the pure solution indicates that 
acid or base is always bound at the isoelectric point.  S¢rensen (17) showed that 
the pH of an ampholyte solution must lie between the pH of the neutral reaction 
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the pH of the solution approaches the isoelectric point.  That this theory holds 
for proteins has been recently  demonstrated  experimentally by Hitchcock  (18) 
for gelatin.  The pH of gelatin solutions varied with the concentration, approach- 
ing to within 0.05 pH of the isoelectric point determined by electrophoresis.  In 
the event that the pure solution of the ampholyte is not at its isoelectric point, 
addition of acid or base to the protein brings the protein to the isoelectric point as 
determined by electrophoresis.  The only error then involved is due to the pres- 
ence of a small additional quantity of electrolyte, here negligible, the shape of the 
titration  curve remaining essentially the same. 
Assumption 6.--Complications  would arise if polyvalent ions were to be used. 
For example with positively charged ions in the presence of SO~, the titration and 
mobility curves could not be so simply compared. 
EXPERI~ENTAI, 
I.  Egg Albumin 
1.  Electrophoresls  and Ti~rati~ Curve.--The  open circles in Fig.  1 
are values of electric mobility obtained for egg albumin  by Tiselius 
(2), in M/50 sodium acetate~acetic acid buffer  from pH 4.27 to 5.27. 
All the other points are values of mobility obtained for two different 
samples of egg albumin  adsorbed by quartz  in  the same electrolyte. 
Note that  these protein-covered  quartz  particles,  about  1,000  times 
the size of the dissolved protein molecules, move with almost the same 
mobility as the individual molecules themselves exhibit.  The dotted 
line indicates what is probably a  slight  difference between our data 
and Tiselius'  data.  This difference in no way diminishes  the rather 
remarkable nature of the agreement between the macroscopic method 
employed by Tiselius and the microscopic method. 
The heavily drawn smooth curve is not a "best" curve drawn through 
the combined data.  It is the titration  curve of egg albumin  (Loeb 
(19)), the tools of acid or base bound given on the ordinate.  In every 
respect,  in particular  in regard  to the change  in  slope,  the mobility 
and the titration curves are congruent within the limits of experimental 
error, a  result in complete agreement with equation  (8a).  The titra- 
tion curve has been drawn on the assumption that no acid or base is 
bound at the isoelectric point, here about pH 4.57.  For a given value 
of mobility a certain amount of acid (base) is bound.  This represents 
a  certain fraction of the ordinate.  And the same scale is used to plot 
the remainder of the titration curve.  This method of construction of 
the graphs is not only capable of showing the congruency of the curves, 584  ELECTROKINETIC PHENOMENA.  VI 
but it also eliminates smoothing of the data,  incongruency being then 
easily  observed.  In  other  words,  it  is  at  once  evident  that  if  the 
mobility curves were smoothed, the same equation with different con- 
~OLSz10  s 
30 
Q 
1s 
z 
~o 
45 
F-GG ALBUMIN 
_J 
-O.5O 
1.00 
pH  ~.o  ~_~< ,5'°  ~o 
FIG. 1.  The open drdes are values of electric mobility of dissolved egg albumin 
obtained by Tiselius.  The dosed and half-closed  circles are similar data for egg 
albumin studied under similar conditions  but  adsorbed on microscopically visi- 
ble quartz particles.  The  data  of Loeb  have been  used to  plot  the  titration 
curve.  It is evident that the mobility and titration curves belong to the same 
family, so that over this range of pH, mobility is proportional to the acid (base) 
bound.  The dotted line indicates the very slight shift in electrophoretic mobility 
between adsorbed and dissolved protein. 
stants would describe both the mobility and the titration curve.  That 
is, 
,co  H  + 
and 
=  (OH)-, HAROLD  A.  ABRAMSON  585 
the electrophoretic velocity in  solutions of the same ionic sfrength 
is proportional to the hydrogen (hydroxyl) ions bound, the rule that 
has been theoretically derived in the preceding section. 
Values of the electric mobility of egg albumin ,over the entire acetate 
buffer range given in Table I have been obtained by interpolation from 
the smooth curve of Fig.  1. 
TABLE  I 
The Electric Mobilities  of Two Proteins in ~/50 Acetate Buffer 
pH  Egg  albumin  Serum albumin 
3.50 
3.70 
3.90 
4.10 
4.30 
4.50 
4.57 
4.70 
4.88 
4.90 
5.10 
5.30 
5.50 
5.70 
5.90 
#/see./volt/em. 
1.20 
0.96 
0.74 
0.53 
0.30 
+0.077 
0.00 
--0.014 
0.33 
0.47 
0.61 
0.72 
0.83 
0.92 
9lsec.lvolt/cm. 
1.30 
1.05 
0.79 
0.55 
0.34 
+0.16 
0.00 
--0.044 
0.27 
0.39 
0.50 
0.63 
2.  Denaturation.--The data contribute some knowledge to the proc- 
ess of denaturation in surface films.  It is probable that a polymolecu- 
lar film of protein is present at the interface of quartz and liquid, first 
a monomolecular layer and then successive layers being added.  The 
data  describe the outermost layer.  In this "surface denaturation," 
if denaturation occurs at the interface (20),  except for the extremely 
small shift of the isoelectric point of about 0.05 of a pH, at the limits 
of the experimental error, no important change seems to have occurred 
in the total charge of the outermost molecules of albumin in contact 
with the liquid.  The measurements of mobility were made soon after 
the suspension of the quartz particles in the protein solutions.  It is 
not impossible that in this type of denaturation the chemical process 586  ELECTROKINETIC PHENOMENA.  VI 
is a slow one, and that if a sufficient length of time had been permitted 
to  elapse  a  more marked  change  would have  been  observed.  Hen- 
drix and Wilson  (21)  have determined the amount of acid bound  at 
equilibrium  by  heat  denatured  egg  albumin.  In  contrast  to  our 
findings  on  the  mobility  of  adsorbed  albumin,  it  was  observed by 
Hendrix and Wilson that the pH of the protein solution changqd ap- 
preciably  after  heating.  Heat  denaturation  evidently  can  produce 
changes in the net charge of the protein not so marked in surface de- 
naturation.  But  according  to  Booth  (22)  denaturation  can  occur 
without changing  the  titration  curve. 
3.  Charge.t--Svedberg and Nichols (14) have found the egg albumin 
molecule to be spherical and to have a molecular weight of about 35,000. 
It can readily be calculated from the titration curve, as we have here 
plotted it, just how many hydrogen  (hydroxyl) ions are combined at 
any given pH.  This  does not  give the  number of net  charges  over 
that of the isoelectric point unless no negative ions are combined or 
the protein salt is, so to speak, completely dissociated.  Our problem 
is further complicated by the fact that  the titration  curves were ob- 
tained  with  the  ionic  strength  changing  slightly,  for  a  rather  large 
amount of acid is added, as the ordinate values indicate, whereas the 
mobility measurements were performed with the ionic strength prac- 
tically constant.  The parallelism of the curves, justifies, however, a 
procedure  attempting  to  compare  the  charge  Q  calculated  from 
measurements  of  electrophoresis  with  that  calculated  from  the  ti- 
tration.  Assuming  complete  dissociation  of  the  protein  salt,  it  is 
reasonable  to  let  the  maximum  charge  be numerically  equal  to  the 
number of hydrogen ions combined with one molecule of egg albumin. 
At pH 4.0 (Fig. 2) about 15 ×  10 -5 tools of H + are then combined with 
1 gm. of egg albumin.  Then each molecule of egg albumin will carry a 
maximum charge of about 25  X  10 -1° E.s.tr., over a time average.  Let 
us compare this value with that of Q at the same pH calculated from 
equation  (Ta),  taking n  =  0.01, r  =  2.17  ×  10 -~ cm.,  ~/~  =  0.14, v 
=  0.6  X  10 -4 cra. for ~  volts using c.g.s, electrostatic units, at pH 
4.0 in acetate buffer, 
* Tiselius has made a somewhat similar calculation. HAROLD  A. ABRAMSON  587 
Using this form of the equation, Q amounts to  14.6  X  10 -1° v..s.u. 
and is about 40 per cent too low. 
Although the value of Q calculated from equation (7a)  is low, the 
low value can be expected because the effect of curvature has not been 
considered.  Further  analysis  aids  in  clarifying  the  correlation  of 
titration curve and mobility: 
1. By the substitution of the value of Q (25 X 10  -~° E.sm.) obtained 
from the titration curve into equation (3), an empirical equation can 
be  formulated.  This  calculation has  been made and the equation, 
corresponding in form to the Debye approximation, is 
~.  =  0  (10) 
D  r  (~ r  +  2.4) 
Equation  (10)  yields values of Q  (calculated from mobilities) which 
agree approximately with the values of Q obtained from the titration 
curve. 
2.  If equation (6)  for the rigid double layer is combined with the 
Debye approximation there is obtained 
Q  (11) 
=  Dr(,~r+2) 
Equation  (11)  differs from equation  (10)  only in  that  2  replaces 
2.4 in  the second term in  the denominator.  This difference is less 
than the difference between 2.4 and 2.0, for Q, according to this method 
of formulation, is  the sum of two  quantities.  The value of Q  ob- 
tained from equation (11) is 22  X  10 -l° ~.s.u., a value at the limits of 
experimental error.  If equation (6) were written, 
(')  X--- 
.r  +  1.4  ' 
instead of 
equation (11) would have been identical with equation (10). 
It will be of interest to test these equations in more dilute solutions. 
Experiments of this type are possible.  They are simpler to carry out 
than  those now reported.  It  should be  borne  in  mind  that  the 588  ELECTROKINETIC  PHENOMENA.  VI 
combination  of  the  theory of  the rigid  and  diffuse  double  layer is 
not without objection. 
I[.  Serum Albumin 
1.  Electrophoresis  and  Titration  Curve.--Our  theoretical  rule  re- 
lating mobility  and  combined H + is confirmed in  the case of serum 
SeRuM ALBUM~M 
MOLSxt~  ~kq~)  1.50  50 
1DO 
L  +o.so 
•  ,c  a5 
FIG. 2.  The open circles are values of electric mobility of dissolved  serum albu- 
min  (Tiselius).  The other points  are  the  mobilities  of microscopically  visible 
quartz particles  covered with an adsorbed film of the same protein.  There is no 
difference in  mobility between  the  native  dissolved  protein  molecules and  the 
adsorbed  protein.  The heavy curve is the titration curve of a sample of serum 
albumin. 
albumin.  The open circles  in  Fig.  2  are  values of electric  mobility 
obtained for horse serum albumin by Tiselius (2) in M/50 sodium acetate 
acetic acid buffer.  All the other points are values of mobility obtained HAROLD  A. ABRAMSON  589 
here for three different samples of serum albumin adsorbed on quartz 
particles  under  the  same  conditions.  The  agreement between  the 
electric mobilities of dissolved and adsorbed serum albumin is better 
than had been anticipated.  Within the limits of experimental error 
there is no difference in mobility in the pH range studied.  The heavy 
smooth curve is the titration curve obtained for a  sample of serum 
albumin, plotted as indicated in the preceding section for egg albumin. 
The difference between the mobilities observed and  those predicted 
by the theory previously discussed in detail is at the limits of experi- 
mental  error for mobilities  as low  as  these.  Values of the electric 
mobility of serum albumin given in Table I  are from a  smooth curve 
drawn  through  the  combined  data. 
2.  Denaturation.--The identity of the values for the electrophoresis 
of dissolved native serum albumin and adsorbed albumin are in con- 
trast to the data of Pedersen (23).  Pedersen has found that serum 
albumin, after heat denaturation, has an isoelectric point between pH 
5.1  and pH 5.3.  The mobility-pH curve was nearly parallel to that 
of the native protein.~  If the denaturation occurs at a surface, inci- 
dental to adsorption, as in the experiments reported here, this change 
in the isoelectric point and the mobilities at different values of pH does 
not  occur.  There  is  then,  a  very great  difference now  accurately 
demonstrated between "surface  denaturation"  and  heat  denaturation 
of the type used by Pedersen, in terms of the charge of the protein. 
3.  Charge.--Since  equation  (Ta)  can  only  be  used  for  spherical 
particles, it cannot be employed to determine (2 with the same validity 
obtainable  for egg albumin.  The  congruency of  the v-pH  and  the 
:J:H+-pH  curves  indicate,  however,  that  the  theory holds.  For 
in  the mobility measurements the  size and  shape  of the serum al- 
bumin molecules do not vary with pH, so that the experimental finding 
that v -.  -4-H  + combined, very nearly, is in accord with equation (6a). 
IlL  Deaminized Gdatln 
The rule that mobilities are proportional to the number of hydrogen 
(hydroxyl) ions combined with a protein in solutions of the same ionic 
s This had been made the subject of investigation by Michaelis and Davidsohn 
in  1911 who found the isoelectric point of heat-denatured serum albumin to be 
shifted from pH 4.7 to pH 5.4.  (Biochem.  Z., 1911, 33, 456). 590  ELECTROKINETIC  PHENOMENA.  VI 
strength can be tested in another way.  Hitchcock (24)  showed that 
deaminized gelatin adsorbed on  collodion particles had an isoelectric 
point at about pH 4.0, and that acid was bound by  the deaminized 
protein.  In Figs. 3 and 4 are plotted the titration  curves for Cooper's 
Gelatin and for the same gelatin deaminized by acetic acid and sodium 
nitrite.  As before, the smooth curves, I and II, are the titration curves 
for gelatin and deaminized gelatin respectively; our data agree quite 
well with those of Hitchcock (24)  and Simms (25).  The closed circles 
which follow Curve I  very  well are the electric  mobilities of quartz 
particles  covered  with  gelatin  in  N/150  acetate  buffers.  Curve  I 
indicates that for gelatin itself, in solutions of the same ionic strength, 
the mobilities are proportional to the number of hydrogen (hydroxyl) 
ions combined.  Let us assume 
(1)  that  after  deaminization  the  average  equivalent  radii  of  the 
polydisperse protein, deaminized gelatin, is not appreciably changed 
by the loss of the amino groups; 
(2)  that the dissociation of the deaminized gelatin in the range of 
pH studied is the same as for gelatin itself; 
(3)  that  the  type  of  adsorption  of  both  gelatin  and  deaminized 
gelatin by quartz particles is the same, and that it represents a mean 
value of adsorption for a  polydisperse system; 
(4)  that  the effective "molecular weight"  is unchanged. 
Under these conditions, all  of which are  reasonable,  there  should 
be  obtained  the  following relationship: 
Combined (~: H +) gelatin  Mobility gelatin 
Combined (~ H +) deaminized gelatin =  Mobility deaminized gelatin 
That  is,  in  the  same buffer,  the  ratio  of acid  (base)  bound for the 
two proteins should be equal to the ratio  of their mobilities.  That 
this is true  experimentally is shown beautifully by  the open circles 
plotted in Fig. 3 along Curve II.  These open circles are the mobility 
values of deaminized gelatin  and,  as predicted by  theory,  they fall 
along  the  smooth  titration  curve  of  deaminized  gelatin.  Fig.  4 
shows  the  same  relationship  for  partially  deaminized  gelatin,  the 
isoelectric point of this preparation being at pH  =  4.2 rather than at 
pH 4.0.  These two curves represent graphically what happens to the /c 
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potential at the surface of the gelatin molecules during the process of 
deaminization. 
In  some as yet unpublished  experiments with  Mrs.  J.  Daniel,  it 
has been found that alcohol shifts the isoelectric point of gelatin in 
the reverse direction; in 35 per cent alcohol for example, the isoelectric 
point is about pH 5.3. 
IV.  Bence-Jones  Protein 
This protein,  as isolated by Svedberg and Sj5gren  (26),  is mono- 
disperse, and has a  spherical molecule of the same radius as egg al- 
bumin.  It so happens that the molecular weights are also the same, 
but  this  condition is not necessary for the validity of the following 
TABLE  II 
Predicted values of acid (base) bound by Bence-Jones  protein, isoelectric  point 
pH 5.2, assuming no acid (base) bound at isoelectric  point and complete dissocia- 
tion of the salt.  Values  are per gm. protein. 
-A.c-~dPH  ..........................................  (base), ~nols-><'-~..~....~...-.i  ~4"3 ~4"5  ~4'7  ~4"9  ~5"1  ~.35"3  ~.~5"5  5  ,--6-5'7 
argument.  On  the basis  of the preceding theory and experiments, 
employing the same assumptions in regard to dissociation of the pro- 
tein salt, we give in Table II predicted values of  the titration  curve 
of  the  Bence-Jones protein  used  by  Tiselius  (2).  These  predicted 
values have been obtained by plotting on the same scale the mobilities 
for egg albumin and Bence-Jones protein (Fig. 5).  Then the combined 
acid (base) has been plotted for egg albumin; if x is the tools of acid 
bound by Bence-Jones protein, x can be found from the relationship: 
Mobility egg albumin  Combined (±  H +) albumin 
Mobility Bence-Jones  z 
We have tried to  check experimentally these predicted values of x, 
but  the  sample  of  Bence-Jones  available  had  an  isoelectric point 
different from that of Tiselius' samples and hence was probably not 
identical with his protein. HAROLD  A. ABRAMSON  593 
V.  Casein 
The  proteins  that  have been  considered  have  been  soluble  in  the 
region of the isoelectric point.  For this reason the  treatment of the 
I"IOLS 
V  =  ~xlO  "~ 
• 0.40P  \  -I~0 
o,~o 
~0 
0$)p  ~  16.0 
FIG. 5.  The ordinate values to the left are electric mobility in  u per sec. per 
volt per cm.  Those on the right are mols ×  10  ~  of acid (base) bound by the pro- 
tein.  The points of the upper and lower curves are for Bence-Jones protein and 
egg albumin respectively.  The lower smooth curve for egg albumin has been 
shown to be the same for mobility and combined acid plotted against pH.  The 
upper smooth curve is a predicted titration curve for Bence-Jones protein, obtained 
from the mobilities as described in the text.  Table II gives these predicted values 
in a convenient form. 
relationship between combined acid and mobility has been uncompli- 
cated  by  the  insolubility  exhibited  by  a  protein  like  casein  in  the 
region of its isoelectric point.  Fig.  6,  Curve I-I-I, shows the  "titra- 
tion"  curve of casein as plotted by Cohn  (27).  The fiat portions of 594  ELECTROKINETIC  PHENOMENA.  VI 
the curve are in the zone of a  heterogeneous system.  Loeb (28),  on 
the other hand, pointed out that casein particles are highly charged 
on either side of the isoelectric point.  The slope of the v-ptI curve is 
large  and corresponds  to those for the other proteins just discussed. 
Curve I-I-I in the figure represents acid bound for total casein rather 
V 
÷20 
tO 
-1.0 
40 
40 
I 
I 
Fig. 6.  The open circles (Loeb) and our data (half-closed circles) for the mo- 
bility of casein indicate that molecules of casein are highly charged on both sides 
of the isoelectric point.  Calculations of the base bound (closed circles) by casein 
lead to the postulation of a smooth curve of the sort passing through the closed 
circles going through the isoelectric point in a linear fashion as indicated in the 
figure and agreeing in slope with the mobilities.  The inset gives a clear picture 
of the usual "titration" curve (dotted line) and the titration curve here postulated 
(smooth curve). 
than for unit weight of protein dissolved.  A  serious discrepancy be- 
tween  our  approximation  and  the  relationship  between  combining 
power and mobility has been solved in the following simple fashion. 
Data of Cohn (29)  have been recalculated so that values of hydrogen 
(hydroxyl) ion  bound  per  unit  weight of casein  dissolved have been HAROLD  A.  ABRAMSON  595 
obtained.  A straight line drawn through the mobility data for casein 
fits the new titration curve for dissolved casein reasonably well (Curve 
II-II-I).  The slope of the titration curve of casein so plotted, agrees 
with the slope of the electric mobilities (plotted as before) of casein ob- 
tained by Loeb and by us (/~  =  0.005)  in this region and meets the 
other portions of the curve in a reasonable fashion.  These data point 
to the validity of our rule in the case of casein, and indicate a rational 
basis for the plotting of titration curves in heterogeneous systems.  In 
this instance the mobility data give a much better index of the change 
in charge with pH than does the "titration" curve, unless  combined 
acid per unit weight of protein is known and the dissociation of the 
protein.  The inset in Fig. 6 perhaps gives a dearer notion of the titra- 
tion curve of casein as here postulated. 
VI.  R-Phycoerythrin and C-Phycocyan 
Tiselius'  (2)  data  include measurements on  two spherical protein 
molecules,  R-phycoerythrin  and  C-phycocyan,  having  molecular 
radii of 3.94  X  10 .7 cm. and 3.95  ×  10 .7  cm. respectively, and for 
the purposes here, equal  (30).  The combining powers of these two 
proteins for hydrogen (hydroxyl) ion cannot be as simply predicted 
as can those of Bence-Jones protein, for the radii are different from 
that for egg albumin.  Tiselius' data were obtained in M/50  acetate 
buffers as in the experiments with egg albumin.  Rewriting equation 
(10),  our empirical form of the Debye approximation and collecting 
constants, there results for a protein molecule of charge Q', mobility 
v', and radius/,  the relationship to egg albumin molecule 
Q  C'vr(rC u +2.4)  (12) 
Q'  C' v' r' (r' C" +  2.4) 
where 
C'  6  f  ~  C~  ,  -7,  and  ~- 
(assuming for simplicity that 6 is correct for these spherical molecules 
differing in radii by the factor 2 although this factor will be slightly 
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or 
Q  ~ r  (~ r  +  2.4) 
Q'  v' v' (~ r' +  2.4) 
Since for each molecule 
4-  H + egg albumin  ffi  Q 
4- H + unknown  Q' 
we can  calculate the acid  (base)  bound per molecule by  R-phyco- 
erythrin and C-phycocyan from  their  mobilities, assuming complete 
dissociation etc., 
4- H +  ~ 2.17  X  10  -7  [(4.7  X  10  -6  X  2.17  X  10  -7  )  +  2.4] 
4- H +  9' 3.95  X  10  -7 [(4.7  X  10  -e  X  3.95  X  10  -7  )  +  2.4] 
or 
4-H+= (~)(4-H+) 2.27  (13) 
It is of interest to compare the factor 2.27 in equation (13) with the 
values of this factor derived from the Debye approximation, 2.57, and 
from equation (11), 2.33.  It would seem that the use of equation (6) 
in calculations of this sort might not lead to a  very large error.  In 
Fig. 7 are smooth curves for the mobilities of egg albumin (Curve 1), 
R-phycoerythrin (Curve 2), and C-phycocyan (Curve 3).  From the 
~t 
mobility and titration data of egg albumin, values of -  have been ob- 
tained and the acid (base)  bound per molecule predicted for R-phy- 
coerythrin and  C-phycocyan.  These data  are  given in  Table  III, 
and are graphically represented in Fig. 7 by the dotted lines  (Curves 
2a  and 3a).  These proteins were not easily available and it is  re- 
gretted that we can publish only the theory at present.  But these 
calculations clarify the problem and  their experimental examination 
will yield a  test of the assumptions made in the application of the 
theory for molecules differing in radii. HAROLD  A.  ABRAMSON  597 
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FIG. 7.  Curve 1 (Data of Tiselius, Abramson) is the mobility and the titration 
curve of egg albumin.  Curves 2 and 3 are the mobility curves (Tiselius) of R- 
phycoerythrin and C-phycocyan.  The dotted Curves 2a and 3a are parts of the 
predicted titration curves for these two proteins plotted from the data given in 
Table III, and calculated from the mobility curves using as a  reference the data 
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TABLE III 
pH 
3.50 
3.70 
3.90 
4.10 
4.30 
4.50 
4.70 
4.90 
5.10 
5.30 
5.50 
Egg albumin 
(~H  +) 
Molecule 
10.1 
8.1 
6.2 
124 
118 
88 
95 
52 
73 
R-Phyeoerythrin 
(~=H+) 
Molecule 
predicted 
24.1 
17.0 
10.1 
4.3 
2.48 
0.61 
1.20 
2.70 
4.05 
5.1 
6.1 
26 
50 
4 
29 
34 
8 
60 
13 
84 
32 
107 
49 
129 
62 
150 
73 
5.9 
12.6 
16.1 
20,1 
24.0 
28,4 
70  5.1 
5O 
46  0.77 
29 
25 
8 
6 
13 
10 
32 
24 
49 
36 
62 
R-P  hycocvan 
(:~H  ÷) 
Molecule 
predicted 
13.9 
9.0 
4.3 
1.26 
1.92 
4.5 
6.7 
DISCUSSION 
Mechanism  of Adsorption  of Protdn.--The  fact  that  not  only the 
isoelectric points but also  the  absolute mobilities of quartz particles 
covered with serum albumin or egg albumin are very nearly identical 
with the values of mobility found for the respective dissolved protein 
indicates that practically all the polar groups of the protein molecules 
are available even after adsorption has occurred.  To demonstrate this 
let us suppose that one of  the hydrogen ions is lost incidental to the 
adsorption reaction.  Near the isoelectric point one H + added to each 
protein molecule gives it a mobility of about 0.10# per sec. per volt per 
cm.  This  very small  change  can  conceivably have  occurred in  the 
case of egg albumin,  but it is not evident for serum albumin.  Since 
the higher mobilities are practically identical,  no change greater than HAROLD  A.  ABRAMSON  599 
the loss of one H + is probable.  In other words, adsorption of a large 
molecule such as a protein permits practically the full activity of the 
polar groups to be made manifest in spite of the adsorption.  Fig. 8 
illustrates  schematically what  can  conceivably occur,  the  reaction 
between  quartz  and  protein  taking  place  possibly  with  the  non- 
polar portion of the molecule.  Theoretically a change in the mobility 
of the protein-covered quartz particles could have occurred also for 
~OLUTIOAI 
PnorL,//v "* 
FIG. 8.  Schema of proposed mechanism  of adsorption of proteins like egg albu- 
min and serum albumin.  The protein molecule  (central black filled circle) and the 
outer layer of the double layer (outer circle) are represented without their charges 
for convenience.  Four molecules are adsorbed.  Two are free in solution.  Ac- 
cording to the mechanism here postulated, (I)  the adsorbed protein molecules 
adsorbed have their radii or equivalent radii unchanged.  They do not "lie fiat" 
at the interface.  (2)  The effective thickness of the ion atmosphere about each 
molecule at the interface is the same thickness as that found for molecules in 
solution.  (3)  The available charges are practically the same.  (4)  The protein 
molecules determine the nature of the ion atmosphere, the quartz surface playing 
a negligible rSle at the interface. 
the following reason.  We have seen that if we utilize the theory of 
the rigid  double layer to give a  qualitative picture of what occurs, 
1  ~r 
x~r+l" 
Now r  represents more strictly  the effective radii of curvature of all 
points on the surface of the protein molecules or of the quartz particles. 
To have the protein-covered quartz particles possess mobilitiesidentical 
with those of individual molecules, it seems necessary that (Kr) remain 600  ELECTROKINETIC  PHENOMENA.  VI 
unchanged, each molecule on adsorption taking its own (~r) along with 
it; for v  = f  (Kr) and (Kr) would vary sufficiently to affect v if any im- 
portant change in r  occurred.  In  calculating Q for protein-covered 
quartz particles it  is  necessary to  know the radius of the spherical 
molecules themselves.  The bulk radius of the microscopically visible 
quartz particles is then probably not the mean radius of curvature of 
the surface.  The calculation of Q for blood cells, bacteria, and other 
microscopically visible  particles  will  always  be  complicated by  the 
difficulty of ascertaining the effective values of r.  If the mobilities 
are independent of size and shape  of the particles,  however, and if 
comparative measurements are made in  solutions of the same ionic 
strength and species,  the mobilities are proportional  to  the charges 
and a very good idea of the charge can be obtained by means of equa- 
tion (Ta).  The reasoning in regard to (Kr) for surfaces in general leads 
to the establishment of criteria which are necessary for the complete 
identity of sufaces.  It is necessary that not only the chemical (atomic) 
structures of two surfaces be identical and not only (Kr) but also 
and r  for each.  Identical surface density of charge does not mean 
identity  of  surface  properties.  To  illustrate  this  point  imagine  a 
protein molecule having r  =  2.17  X  10 -7 cm. and a  smooth surface, 
growing larger and larger to say, r  =  1 ×  10 -4 cm., its charge density 
remaining constant,  and  the  surface still  retaining  its  smoothness; 
for K =  0.33  ×  l0  T, utilizing the theory of Henry (12) it can be readily 
shown that the mobility of the larger particle should be very much 
greater.  Conversely, if  the  F-potential  of two  different surfaces is 
the  same,  the  effective radii  of  curvature of  the  surfaces may be 
producing  changes  bringing  chemically different substances  to  the 
same ~'-potential. 
Activity of Adsorbed Invertase.--The fact that adsorption need not 
involve certain properties of the polar groups of large molecules simpli- 
fies the explanation of a phenomenon observed by Nelson  and Griffin 
(31).  These investigators found that,  under  certain  circumstances, 
adsorbed invertase did not lose a  significant portion of its enzymatic 
activity.  This  is  in  complete  harmony  with  the  facts  discovered 
relative to protein adsorption.  It is easily conceivable that enzymes 
that are protein-like in nature could be adsorbed without diminishing 
either the number of the enzymatically active groups or the activities 
of these groups. HAROLD  A. ABRAMSON  601 
The Validity of the Mass Law.--The fact that the same values have 
been obtained for mobilities of molecules dissolved in a homogeneous 
system and of molecules existing at a phase boundary indicates that 
the mechanism of adsorption per se need not change  the properties 
of the reactive groups.  It could have been anticipated that the forces 
at a phase boundary would have disturbed the dissociation equilibria, 
yielding different apparent dissociation constants.  This has not oc- 
curred.  This idea has been developed by Michaelis (32) in connection 
with the enzymatic behavior of invertase. 
The Action of Immune Sera.--Shibley (33) has shown that bacteria 
treated with immune sera have electrophoretic velocities practically 
equal to that of serum globulin particles.  The reaction of the bacteria 
with specific groups belonging to serum globulin can occur without 
disturbing the amphoteric properties of the globulin as the simpler 
models here studied indicate. 
Further Experimentation.--The  difficulties of the moving boundary 
method, in particular the fact that it cannot be used for proteins in 
dilute salt solutions (2) justifies the experimental extension of data of 
the type obtainable by the microscopic method employed here.  This 
method can be used over practically the entire pH range usually stud- 
ied with solutions from infinite dilution to solutions having the con- 
ductance of physiological salt solutions.  By observance of the prin- 
ciple of having ionic strength and ionic types identical, the properties 
of the proteins possibly dependent upon their charge can readily be 
investigated and classified.  This is done for optical rotation in the 
following paper. 
SUMMARY 
I. By combining the theories  of Smoluchowski, Debye and Htickel, 
and Henry it  is  possible  to state  explicitly  (making necessary assump- 
tions)  under what conditions  the following  simple rule  should be valid 
for proteins: 
In solutions  of the same  ionic  strength,  the electric mobilities  of the 
same protein  at different  hydrogen ion activities should  be proportional 
to the number  of hydrogen (hydroxyl)  ions  bound. 
2.  Data of Tiselius and of the writer confirm this rule for (a)egg 
albumin, (b)  serum albumin, (c)  deaminized gelatin and gelatin, and 
(d)  casein. 602  ELECTROKINETIC  PHENOMENA.  Vl 
3. On the  basis  of  the  confirmed theory  the  titration  curves of 
certain proteins are predicted from their mobilities. 
4.  It is shown that when certain proteins are adsorbed by quartz 
the apparent dissociation constant of the adsorbed protein is practically 
unchanged.  The mass law must also be valid at the phase boundary. 
5.  The facts of paragraphs  (1)  to  (4)  are discussed in  connection 
with the mechanism of  (a)  protein adsorption,  (b)  enzyme activity, 
(c) immune reactions, (d) the calculation of the electric charge of cells, 
and (e) criteria of surface similarity. 
I am indebted to several friends for advice received in connection  with 
certain of  the  difficult problems discussed,  especially to Dr.  W.  J. 
Crozier for his careful supervision of the manuscript and for his aid in 
clarifying certain points, and to Dr. J. H. Northrop for his assistance 
in arranging the data and for an important suggestion considered in 
connection with assumption (6). 
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